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1  | INTRODUC TION
Migratory	behavior	 in	 insects	has	evolved	as	an	adaptation	 to	en-






migration	 patterns	 and	 strategies	 have	 evolved	 differently	 among	
insect	 species,	 but	 the	 vehicle	 of	 movement	 is	 usually	 the	 wind.	






sized	 (10–70	mg)	nocturnal	 insect	migrants	are	predicted	 to	orient	

















Radar	 observation	 has	 been	 a	 major	 tool	 for	 developing	 our	
understanding	of	 insect	migrations	 (Chapman,	Drake,	&	Reynolds,	
2011;	Drake	&	Reynolds,	2012,	pp	74–99).	Recently,	several	studies	




sects'	 track	directions	 and	 speeds	of	 travel	 relative	 to	 the	ground	



















Two	 possible	 heading	 directions	 are	 derived	 from	 the	 body	 align-
ment	measured	with	 the	 radar.	The	airspeed	 is	not	measured,	but	
some	approximate	values	are	available	in	the	literature.
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We	 also	 consider	 a	 simpler	 method	 for	 resolving	 the	 ambigu-
ity,	one	that	relies	on	radar	data	alone:	The	heading	direction	that	
is	 closest	 to	 the	 track	 direction	 is	 selected.	 In	 some	 recent	 stud-
ies,	radar-measured	insect	speeds	were	3–6	m	s‒1	faster	than	wind	
speeds	 from	an	 atmospheric	model	 (Chapman	et	 al.,	 2008,	 2010),	
and	use	of	 this	method	 is	 then	supported.	Earlier	work	combining	




direction	 sometimes	 produces	 implausible	 variations	 with	 time	 or	
height,	and	track	speeds	are	only	slightly	greater	than	wind	speeds	


































The	 radar	 observation	 data	 are	 from	 an	 IMR	 at	 Bourke	 airport	
(30.0392°S,	145.952°E,	107	m	above	sea	 level)	 and	were	acquired	
from	September	2010	to	April	2011:	This	period	comprises	spring	
(September–November),	 summer	 (December–February),	 and	 au-
tumn	 (March–May)	 of	 a	 single	 insect-flight	 year.	Australian	plague	
locusts,	which	were	relatively	plentiful	over	 this	year,	were	 identi-
fied	from	the	characteristics	of	their	radar	returns	(Drake	&	Wang,	
2013;	 Hao,	 2016).	 The	 radar	 observations	 were	 recorded	 every	
night	in	three	periods	of	∼8	min	during	each	hour	from	18:00	hr	to	
06:00	hr	Australian	Eastern	Standard	Time	 (AEST	=	UTC+10	hr;	 all	
times	 in	 this	 paper	 are	 AEST).	 Radar	 echoes	were	 recorded	 from	
heights	between	175	and	1,300	m	and	collated	 into	 “units”	150	m	
deep	and	1	hr	in	duration.	For	a	unit	to	be	included	in	the	analysis,	












the	 wind	 vector	W	 at	 the	 heights	 the	 insects	 were	 flying.	 TAPM	
is	 designed	 for	 high-resolution	 weather	 simulation	 and	 has	 been	
tested	 in	a	wide	range	of	 locations,	both	 in	Australia	and	overseas	
(Hurley,	 Edwards,	 &	 Luhar,	 2008).	 TAPM	 simulation	 of	 boundary-
layer	winds	has	been	verified	by	comparing	its	outputs	with	winds	
measured	 by	 sodar	 and	 electromagnetic	 wind	 profilers	 at	Wagga	
Wagga,	NSW	(Hao,	2016;	Taylor,	Zawar-Reza,	Low,	&	Aryal,	2005).	
The	 results	 showed	 that	 the	 root-mean-square	 errors	 are	 smaller	
than	Australian	plague	locust	airspeeds	(approximately	4	m/s;	Clark,	
1969;	Hao,	Drake,	Sidhu,	&	Taylor,	2017),	so	should	not	dominate	our	
vector-triangle	 calculations.	 For	 consistency	with	 insect	 track	 and	
heading	directions,	wind	directions	 in	 this	paper	are	 stated	as	 the	
direction	the	wind	was	traveling	toward	(rather	than	the	direction	it	
was	coming	from,	as	is	usual	in	meteorology).
3  | HE ADING ‐SELEC TION METHODS
3.1 | Method using only radar data
As	discussed	above,	the	true	heading	direction	of	the	insect	may	be	
either	the	alignment	value	provided	by	the	IMR,	or	180°	from	that	
value.	The	 simplest	method	 to	determine	 the	orientation	 (method	
A	hereafter)	would	be	to	select	the	heading	direction	closer	to	the	
track	direction.	This	method	is	considered	applicable	only	to	strong-
flying	 insects	 and	 implicitly	 assumes	 that	 these	 do	 not	 head	 into	
winds	stronger	 than	 their	airspeed	and	thus	do	not	exhibit	overall	
backward	displacement.	 (We	will	 refer	 to	 such	movements	as	 tail-
first,	and	this	 is	 to	be	understood	as	 including	the	full	180°	sector	

























01:00,	 when	 the	 distribution	 of	 heading	 directions	 inferred	 by	
method	Ai	is	split	with	maxima	toward	both	the	NNW	and	the	SSE	
(Figure	2c,	HAi),	 even	 though	 there	 is	 a	unimodal	 track	direction	
distribution	(Figure	2c,	T)	and	a	concentrated	distribution	of	body	





directions	 still	 occurs	 (and	 in	 fact	 is	more	 frequent).	 The	 failure	
of	both	variants	of	method	A	in	this	example	is	due	to	the	almost	
perpendicular	track	and	alignment	directions	a	phenomenon	that	
occurs	 commonly	 in	 Australian	 locust	 migrations	 (Drake,	 1983;	
Rennie,	2013).
When	 method	 A	 is	 applied	 to	 the	 strong	 migration	 nights	 of	
2010–2011,	 the	 track	 directions	 and	 heading	 directions	 are	 seen	
to	be	positively	related	in	all	three	seasons	(Figure	3),	but	this	is	an	
inevitable	consequence	of	not	allowing	tail-first	movement.	The	di-



















fundamental	 expectations	 about	 the	output	 from	a	 valid	heading-
selection	 procedure	 can	 be	 identified	 (see	 Discussion).	 These	 ex-
pectations	have	guided	our	development	of	the	two	new	methods	
proposed	 here	 and	 underlie	 the	 analyses	 undertaken	 to	 validate	
them.
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insect	airspeeds,	cannot	be	 formed,	and	there	 is	 then	no	basis	 for	
inferring	a	heading	direction.	Our	procedures	therefore	incorporate	
quality	 control,	 so	 that	 unreliable	 results	 are	 identified	 and	 elimi-
nated	from	samples.	This	of	course	reduces	the	size	of	the	sample	
and	 could	possibly	 introduce	bias.	The	 tests	 allow	a	wide	1–7	m/s	
range	for	the	airspeed,	to	account	for	variance	 in,	and	a	degree	of	
uncertainty	about,	this	4	m	s−1 value.
As	 mentioned,	 an	 insect's	 movement	 over	 the	 ground,	 ex-
pressed	 by	 the	 track	 vector	T,	 is	 the	 vector	 sum	of	 the	 heading	
vector	H	and	the	wind	vector	W	(Figure	1a).	We	assume	that	the	
direction	 of	 the	 vectorial	 difference	 between	 T and W,	 that	 is,	
of	 the	 insect's	 “heading	 vector	 by	 subtraction”	 (HS,	 blue	 arrow),	
is	aligned	with	the	 insects'	body	axis,	 that	 is,	 that	the	 insects	fly	






(Figure	2c,	plot	HBi)	arise	 just	as	 in	method	Ai.	Quality	control	 is	
implemented	through	tests	that	the	HS	speed	is	within	the	range	
1–7	m/s,	 and	 the	 difference	 between	 the	 direction	 of	 HS and 
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Analysis	of	 the	2010–2011	radar	observations	 revealed	 that	 there	
were	 46	 nights	 of	 strong	 migration	 (as	 defined	 previously).	 On	
one	of	 these	 nights,	 track	 speeds	were	 very	 low	 and	orientations	
changed	apparently	randomly	before	midnight,	so	this	case	has	been	
excluded	from	the	sample.	From	the	remaining	nights,	we	have	se-







































heading	 (Figure	 4a,b).	 All	 quality-control	 tests	 (methods	 2	 and	 3)	
passed.
For	 12/13	 October	 2010	 (case	 2),	 the	 new	 methods	 se-
lect	 headings	 that	 disagree	 with	 those	 obtained	 by	 method	 A	
(Figure	4c,d).	The	wind	was	blowing	to	the	southwest	at	~10	m/s	
from	 19:00,	 gradually	 increasing	 in	 speed	 to	 ~15	m/s	 after	mid-








result	 is	obtained	with	method	C,	 as	 the	putative	winds	derived	
from	 the	 track	 vectors	 and	 heading	 directions	 to	 the	 north	 or	
northwest	 are	 quite	 closely	 aligned	with	 the	model	winds	while	
their	counterparts	with	southward	or	southeastward	headings	are	
at	much	larger	angles	to	them	(magenta	arrows,	Figure	4d).	There	

















ple.	However,	 on	 this	 occasion,	method	C	 also	 produces	 a	 flip,	 at	
23.00.
For	the	night	of	6/7	November	2010	(case	4),	both	new	meth-
ods	 indicate	 that	 the	 simulated	winds	 are	 inaccurate	 at	 lower	 lev-
els	during	much	of	the	night	(Figure	4g,h).	Method	A	is	not	reliable,	
as	shown	by	 its	heading	selections	flipping	through	both	time	and	
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which	 the	 two	new	methods	give	different	 rejection	 statuses	 (red	
crosses	 in	Figure	5)	are	mostly	 in	situations	close	to	the	boundary	
between	acceptance	and	rejection	(see	next	section).
4.2 | Effect of quality control
For	our	1-year	sample,	53.7%	of	units	were	rejected	by	quality	con-
trol	when	using	method	B,	and	49.2%	with	method	C.	The	manner	
in	which	 these	 rejections	occur	 is	 indicated	 in	 the	scatter	plots	of	
Figure	 5.	 For	method	 B,	 the	HS	 vector	 requirements	 (see	 Section	
3.23.2)	are	satisfied	only	in	regions	A	and	B	of	Figure	5a.	For	method	
C,	 units	 are	 selected	when	 one	 putative	 wind,	 and	 its	 associated	
heading	 selection,	 is	 considered	 very	 reliable	 (regions	 A	 and	 B	 of	
Figure	5b)	or	tentative	(region	C),	and	its	counterpart	is	not	(i.e.,	ex-
cluding	region	D).	The	nonselected	putative	winds	are	almost	always	
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and	S;	 it	apparently	represents	a	different	flight	behavior,	perhaps	






In	 this	paper,	 the	 simpler	method	of	using	 track	direction	 to	 se-
lect	heading	direction	from	the	ambiguous	radar	observations	of	
alignment	and	two	new	methods	that	also	draw	on	wind	informa-





method	are	clearly	 incorrect.	This	 is	because	 that	method	 incor-
porates	 artificial	 limits,	which	 lead	 to	 flips	 in	 the	 heading	 direc-
tion	(Figure	2b)	and	splits	(with	artifactual	sharp	edges)	in	obvious	
clusters	 and	bands	 in	 track-heading	 scatter	plots	 (Figure	3).	 The	
two	new	methods	present	 a	 significantly	 different,	 and	presum-
ably	 more	 accurate,	 picture	 of	 the	 relation	 of	 heading	 to	 track.	
However,	use	of	these	methods	leads	to	quite	a	large	proportion	
of	 the	 sample	 being	 lost	 because	 the	model	wind	 is	 quite	 often	
incompatible	with	the	radar	observations.	Note	that	the	track	and	
alignment	 observations	 are	 still	 valid:	 The	 rejections	 arise	 from	
poor	wind	estimates.	This	frequent	occurrence	is	not	unexpected	
given	the	difficulty	of	predicting	the	diurnal	variation	of	low-level	
winds	over	 land	areas,	and	especially	 the	development	of	a	 low-
level	 jet	 (Hao,	2016,	pp	47–69)—a	feature	that	often	coincides	in	
both	height	and	time	with	insect	migrations.	These	rejections,	and	
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methods	can	be	identified.	(1)	The	selected	heading	directions	must	
be	 compatible	 with	 the	measured	 alignment	 directions.	 (2)	 Insect	
airspeeds	estimated,	assumed,	or	implied	in	the	procedure	must	be	
consistent	with	 known	or	 reasonable	 values	 for	 the	 species	being	
observed.	(3)	If	track	and	alignment	distributions	are	unimodal,	then	
the	 distribution	 of	 selected	 heading	 distributions	 should	 also	 be	
unimodal.	(4)	If	mean	tracks	and	alignments,	and	model	winds,	vary	
smoothly	with	height	and	time,	then	mean	heading	directions	should	
usually	 also	 vary	 smoothly.	 (5)	 If	 track	 and	 heading	 combinations	
form	clusters,	indicating	similar	behavioral	responses,	these	should	
not	be	 split	 or	 exhibit	 sharp	edges.	Principles	 (1)	 and	 (2)	 form	 the	
basis	of	the	quality-control	tests	incorporated	into	our	methods,	and	
principle	 (3)	 leads	 to	our	 rejection	of	 individual-based	heading	 se-
lection.	Principles	(4)	and	(5)	provide	a	basis	for	validating	methods,	
though	we	note	 that	 some	degree	of	expert	 judgment	will	 remain	
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